Introduction
============

Tourette syndrome (TS) is a neurodevelopmental disorder in children, which is characterized by multiple motor and behavioral stereotypies. The main presentations of behavioral stereotypies are involuntary, quick, sudden, and stereotypical movements or phonic productions ([@B40]). Common complications of TS include attention-deficit/hyperactivity disorder, obsessive--compulsive disorder, and learning disability. The rate of incidence of TS is increasing every year, a trend that seriously reduces the quality of life and affects the society as a whole ([@B25]). TS is highly heritable but no specific genes have been strongly implicated in TS and the pathophysiology remains unknown ([@B80]).

In recent years, multiple functional magnetic resonance imaging (fMRI) studies have shown several structural abnormalities in the brain of TS patients ([@B18]; [@B22]; [@B76]; [@B28]). Either deficient frontal inhibition for structural changes or desynchronization in the interaction of the cortico-striato -thalamo-cortical network within the limbic system could be the main pathogenesis of TS ([@B58]; [@B69]; [@B18]; [@B22]; [@B76]; [@B28]). The severity of the symptoms is closely associated with the hyperfunction of the nigrostriatal dopaminergic neurons ([@B19]; [@B91]). Furthermore, different neurotransmitters can activate or suppress striatal activity. Over the years, the "DA hypothesis" of TS was prevalent ([@B10]; [@B70]). It proposed that the hypersensitivity of DA receptors and the hyperactivity of dopaminergic neurons in nigrostriatum underlay the pathophysiology of TS ([@B71]), including increased production of DA and its metabolites ([@B81]), and supersensitivity of dopaminergic receptors ([@B70]). Dopamine (DA) is a neurotransmitter that can regulate neural processes including motor control, cognition, and memory ([@B15]). Previous studies have suggested that the imbalanced expression of DA plays an important role in the development of TS ([@B57]).

Dopamine beta hydroxylase catalyzes the conversion of DA to norepinephrine in the adrenal medulla ([@B44]). Tyrosine hydroxylase (TH) is the rate-limiting enzyme in catecholamine biosynthesis in the brain and is responsible for the conversion of [L]{.smallcaps}-tyrosine to 3,4 dihydrophenylalanine (DOPA) ([@B5]; [@B99]; [@B74]). Dysregulation of TH activity is essential in the pathogenesis of TS ([@B5]; [@B17]; [@B64]).

The striatal disinhibition model of TS provides a unique combination of face validity (tic expression) and construct validity (abnormal striatal inhibition) but is limited to sub-hour periods ([@B7]; [@B38]). Other TS model mice are established by injecting GABA~A~ antagonists into the STR, leading to temporary disinhibition ([@B78]). Although the tic symptom of this model was stable, its modeling method is very complicated. IDPN is a synthetic nitrile that causes dyskinesia and persistent behavioral syndromes characterized by repetitive head movements, circling, hyperactivity, and retropulsion ([@B42]). Some reports show that these behavioral abnormalities are caused by monoamine changes ([@B59]; [@B35]). It is a widely used animal model simulating behavioral stereotypies of TS ([@B79]; [@B96]; [@B92],[@B93],[@B94]; [@B97]; [@B87]). IDPN-induced dyskinesia is enhanced by levodopa, which increases the DA concentration in the nucleus of the accumbens and midbrain. The increase of DA is inhibited by sulpiride, a central antagonist of D2R. Therefore, dyskinesia of DA is caused by the abnormally enhanced function of presynaptic DA neurons ([@B60]). IDPN only needs to be injected intraperitoneally, which makes it easy to prepare and utilize, so we used IDPN to induce a model of TS in mice.

At present, there are no safe and effective drugs for treating TS. In clinical practice, the drugs used in the treatment of TS are mainly DA receptor antagonists (haloperidol, pimozide, and tiapride) ([@B12]; [@B61]; [@B9]; [@B73]; [@B77]; [@B67]), selective monoaminergic antagonists (clozapine and risperidone) ([@B62]; [@B66]; [@B29]), and α-2 adrenergic agonists (clonidine) ([@B13]; [@B27]). However, these drugs have toxic side effects. Acupuncture is a unique and complete treatment in traditional Chinese medicine and has been practiced in China for thousands of years ([@B30]; [@B54]; [@B65]). The effectiveness and safety of acupuncture for TS has been confirmed by numerous clinical studies ([@B85]; [@B53]; [@B98]; [@B73]; [@B89]; [@B47]), but the underlying mechanisms remain unclear. Previous studies have demonstrated that acupuncture can regulate the DA system ([@B4]; [@B51]; [@B43]; [@B86]). DA plays an important role in the recovering effect of acupuncture on motor functions ([@B11]). For example, acupuncture at a specific acupoint "Shenmen" (HT7) reduces DA release in the nucleus accumbens (NAc) induced by cocaine abuse ([@B39]). Meanwhile, acupuncture regulates the levels of neurotransmitters such as DA and serotonin, thereby affecting emotional state and craving; this is the basis for the treatment of smoking addiction with acupuncture ([@B14]). Thus, we hypothesize that acupuncture may regulate the DA system in mice injected with 3,3′-iminodipropionitrile (IDPN) as a model for TS.

Therefore, we wondered whether acupuncture alleviated behavioral stereotypies by regulating the production of DA and its receptors in different brain regions in mice injected with IDPN as a model for TS. In the present study, we first evaluated the changes of behavioral stereotypies after acupuncture applied at acupoints "Baihui" (GV20) and "Yintang" (GV29) in mice injected with IDPN as a model for TS ([@B42]; [@B73]). We then determined whether DA, D1 receptor (D1R), D2 receptor (D2R), and TH in the striatum (STR), substantia nigra pars compacta (SNpc), thalamus, and prefrontal cortex (PFC) were involved in the mechanism of acupuncture alleviating IDPN-induced behavioral stereotypies.

Materials and Methods
=====================

Animal Models
-------------

All Balb/c mice (male, aged 8 weeks, and 18--21 g) were purchased from Vital River Laboratories (Beijing, China). All animal experimental protocols conformed to the Animal Management Rules of the Chinese Ministry of Health, and the study was approved by the animal ethics committee of the Chinese Academy of Medical Sciences. The mice were maintained in a controlled environment with temperature at 21 ± 1°C, relative humidity of 60 ± 10% under a 12-h light/dark cycle (lights on at 7 a.m.) and had free access to food and water. The mice were housed individually in standard PP polypropylene plastic cages (318 × 202 × 136 mm) with sawdust bedding and water and food *ad libitum* (Xietong Pharmaceutical Biotechnology Limited Liability Company, Jiangsu, China).

The adaptation period between arrival at the laboratory and start of testing was 1 week. After 1 week, mice were randomly divided into the control group, IDPN-induced TS model group (IDPN group), IDPN-induced TS model with acupuncture with twisting group (acupuncture group), IDPN-induced TS model with acupuncture without twisting group (sham acupuncture 1 group), and IDPN-induced TS model with acupuncture on non-acupoints with twisting group (sham acupuncture 2 group). Each group had 18 mice. The control group was intraperitoneally injected (i.p.) with saline (0.9%); the IDPN group, acupuncture group, and two sham acupuncture groups were intraperitoneally injected with IDPN (350 mg/kg, Sigma, St. Louis, MO, United States) once a day for seven consecutive days (days 1--7). The ethological score between each group was balanced, referring to the evaluating grade of stereotypy ([Table 1](#T1){ref-type="table"}; [@B23]; [@B41]). On the eighth day, the stereotyped behavior scores of the IDPN group, acupuncture group, and two sham acupuncture groups were greater than or equal to 2 points, which proved successful IDPN-induced TS model.

###### 

Behavior measurements referring to evaluating grades of stereotypy.

  **Score**   **Stereotypy**
  ----------- ----------------------------------------------------------------------------------------------------------------------------------
  0           No stereotypy or normal activity^a^
  1           Discontinuous circling behavior^b^ Occasional head twitching
  2           Occasionally vertical dyskinetic head and neck movements Occasional sniffing, licking, and biting
  3           Continuous circling behavior, increased body raising Increased sniffing, repetitive grooming (such as paw-to-mouth movements)^c^
  4           Increased lateral and vertical dyskinetic head and neck movements

a

Such as immobility (no visible movement of the animal);

b

Such as clockwise/counterclockwise circling, loosely circular path traced on the cage floor;

c

Such as head-down sniffing (nose in contact with the floor), grooming (self-cleaning with mouth or paws), face washing (forepaws moving back and forth from the ears to the snout and mouth).

Acupuncture Treatment
---------------------

In the acupuncture group and sham acupuncture group, the mice were treated by acupuncture once every other day for 8--36 days. In the acupuncture group, acupuncture was applied at acupoints "Baihui" (GV20) and "Yintang" (GV29). GV20 and GV29 were chosen based on their effect in TS ([@B73]). Two acupuncture needles (0.18 × 13 mm) were inserted 2--3 mm into two acupoints of GV20 and GV29, and manually rotated for 20 s every 5 min (twisting speed 100--200 times/min), 30 min each time. GV20 lies on the back of the hairline and is 7 inches in the middle; when the two ears are straight up, the top of the head is in the middle. GV29 is located at the forehead, where the line between the brows and anterior midline intersects ([@B31]) ([Supplementary Figure S1C](#FS1){ref-type="supplementary-material"}). Our therapist is trained after acupuncture techniques, plus continuous practice of manual rotation. In the acupuncture group and sham acupuncture 2 group, each mouse was videotaped with a camera during acupuncture treatment. Then, we let the three observers watch the playback video and counted it with a counter. The number of twisting times obtained by three observers was averaged. The average was 100--200 times, and we think that manual rotation is eligible.

The treatment time of the two sham acupuncture groups was the same as that of the acupuncture group, but needles were not manually twisted in the sham acupuncture 1 group. In the sham acupuncture 2 group, needles were inserted 2 mm lateral to GV20 and GV29, respectively, and needles were manually twisted with the same speed.

During acupuncture or sham acupuncture treatment, each mouse was placed in a homemade bag but not given any anesthetics, and they were not in contact with the experimenter. The homemade clothes were made with a piece of 10 × 10 cm jean. Limbs of mouse were pulled out through the holes in the clothes. The edge of the clothes was fastened by clips ([Supplementary Figure S1D](#FS1){ref-type="supplementary-material"}). The control group and IDPN group also used the same homemade bag to exclude the stress response. The animals remained awake during treatment and showed no evident signs of distress.

Behavioral Tests
----------------

All behavioral tests were carried out once every week on days 0--36 after intraperitoneal injection or 1 h after acupuncture treatment ([Supplementary Figure S1A](#FS1){ref-type="supplementary-material"}). First, we performed the stereotyped behavior test, then we performed the rotarod test, and finally we performed the grip strength test. Before the behavioral tests, the animals were habituated to the testing environment for 30 min. The experimenters of the behavioral tests randomly tested all mice according to the random number table method.

### Stereotyped Behavior Test

The stereotyped behavior test was conducted by two trained and independent observers, who were familiar to the measurements but blinded to the group allocation. They grouped the mice themselves and then randomly tested all mice and scored them according to the random number table method. Finally, the experiment results were correctly counted by an experimenter who knew the group allocation. The observers placed the mice in the box, and then recorded a 30-min video for each mouse. The box used for stereotyped behavior was a round black plastic box with a diameter of 16 cm and a height of 14 cm, and the camera was placed at the top of the box ([Supplementary Figure S1E](#FS1){ref-type="supplementary-material"}). After each test of one mouse, the observers sprayed the inside and bottom of the box and the transparent lid with 75% alcohol, and wiped it with a paper towel before placing the next mouse in it. The light condition during the observation period was the LED tube (consistent with the illumination of the usual living environment of the mouse), and the light condition lasted throughout the experiment. Each animal was observed for 1 min of every 5 min for a total of six periods. One or more episodes that were in accordance with the grades got the corresponding score and calculated the average score on the basis of results from two observers, as the objective indicator of behavioral changes ([Table 1](#T1){ref-type="table"}; [@B79]; [@B63]).

### Rotarod Test

To assess coordination and balance, mice were individually placed on the rotating rotarod (YLS-4C, Yiyan, Jinan, China) for 5 min at 4 r/min on 10:00 a.m. and 5:00 p.m. for 3 days before the formal test, in order to let the mice learn how to use. The rotarod moved at an initial speed of 4 r/min and subsequently accelerated to 40 r/min in 5 min. Mice were held by the tail and placed on the rotarod, facing away from the direction of rotation. The fall time after the beginning of the acceleration was recorded. Each mouse received three test sessions with at least a 5-min interval between them, and the average time was calculated ([@B26]).

### Grip Strength Test

In order to evaluate the muscle strength of mice, we did the grip strength test in mice. We followed the manufacturer's instruction for the grip Strength Meter (YLS-13A, Zhenghua, Anhui, China) and the statistical indicator was the grip force (*g*). Mice were placed over a base plate (230 mm × 250 mm), in front of a grasping bar. The bar was fitted to a force transducer connected to the peak amplifier. Mice were pulled by the tail when grasping the bar. Within 20 s, the maximal grip force was measured ([@B37]).

Western Blotting
----------------

On the 37th day, the STR, SNpc, thalamus, and PFC tissues were excised from mice immediately after the mice were anesthetized with 1% sodium pentobarbital anesthesia (50 mg/kg, i.p.) and decapitated (*n* = 6 in each group). The tissues were homogenized in RIPA lysis buffer (40 mg/ml for tissues, Beyotime Biotechnology, Nanjing, China) and 2 mM phenylmethylsulfonyl fluoride, put on ice for 30 min, and centrifuged at 12,000 *g* for 15 min at 4°C. Then, we took the supernatant and discarded the pellet. The protein concentrations of the supernatant were determined using the Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, China). Each sample was denatured with loading buffer at 95°C for 5 min, and separated with a 10--12% glycine SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) gel. The proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane, and blocked for 1 h in 5% non-fat milk in Tris-buffered saline (TBS) containing 0.1% Tween-20 on a shaker at room temperature. The membrane was incubated with rabbit anti-D1R antibody (1:1000, Abcam, Hong Kong), rabbit anti-D2R antibody (1:200, Cloud-Clone), rabbit anti-TH antibody (1:3000, Proteintech), and mouse anti-GAPDH antibody (1:10000, Proteintech) on a shaker at 4°C overnight. After washing three times for 10 min in 0.1% TBS--Tween 20 (pH 7.4) at room temperature, the membrane was then incubated with horseradish peroxidase-conjugated secondary antibodies from Santa Cruz Biotechnology: goat anti-rabbit secondary antibody (1:20,000) or goat anti-mouse secondary antibody (1:20,000) for 1 h on a shaker at room temperature, and washed three times for 10 min with 0.1% TBS--Tween 20 (pH 7.4) on a shaker. The enhanced chemiluminescence method (ECL Plus Western blotting detection reagents, Pierce, Rockford, IL, United States) was used to visualize the protein bands. Image Lab software was used for imaging on a computer-assisted imaging analysis system (Quantity One, Bio-Rad, United Kingdom). The optical density of each band was then measured with an imaging analysis system and normalized with the housekeeping gene GAPDH. Results of independent experiments were expressed as the% change over the protein amount in the control group. Densitometry analysis of the gel images was performed using the ImageJ software (NIH, Bethesda, MD, United States). The layouts of gel images were based on the GraphPad prism 5.01 (GraphPad Company, United States).

Double-Immunofluorescence Labeling
----------------------------------

On the 37th day, 30 mice (*n* = 6 in each group) were deeply anesthetized with 1% sodium pentobarbital anesthesia (50 mg/kg, i.p.) and transcardially perfused with 100 ml of 37°C normal saline followed by 50 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PBS, pH 7.4) at 4°C for fixing. The brain tissues were quickly separated and post-fixed for 6--8 h in the same fixative solution and dehydrated in 20% sucrose in 0.1 M PBS for 24 h and 30% sucrose in 0.1 M PBS for 24 h at 4°C. The sections were cut (30 μm in thickness) on a cryostat, mounted onto gelatin-coated slides, and air-dried overnight ([@B84]).

The sections were rinsed in 0.01 M PBS and blocked for 1 h with 5% donkey serum and 0.2% Tween-20 in PBS and then incubated with the following primary antibodies at 37°C for 1 h and at 4°C overnight: rabbit anti-D1R (1:500, Abcam), rabbit anti-D2R (1:100, Cloud-Clone), rabbit anti-TH (1:100, Proteintech), and mouse anti-NeuN (1:100, Servicebio). Subsequently, sections were washed four times in PBS for 5 min and incubated with corresponding secondary antibodies from Jackson Immune Research (West Grove, PA, United States): donkey anti-rabbit IgG conjugated with DyLight 488 (1:400) and donkey anti-mouse IgG conjugated with DyLight 594 (1:400). Then, the sections were incubated with DAPI for the cell nucleus staining for 8 min. Sections were washed four times with 0.05% Tween-20 in PBS for 5 min and then cover slipped. An Olympus BX51 fluorescence microscope was used to view the sections, and images were captured using a Qimaging Camera and QCapture software. A total of five to six sections were randomly selected in each mouse. Images were analyzed by using NIH Image J software (Bethesda, MD, United States). The layouts of images were based on the Photoshop CS5 (ADOBE Company, United States).

Measurements of DA
------------------

Fluorescence spectrophotometry was used because of its advantages of high selectivity, high sensitivity, low detection limit, wide application, and abundant information ([@B90]). After sacrificing the mouse, brain tissue was immediately removed (*n* = 6 in each group). After weighing, specimens were homogenized in 3 ml of acid butyl alcohol and centrifuged at 3000 *g* for 5 min, and then the supernatant was collected. The supernatant (0.4 ml) was added to 0.8 ml of n-heptane and 0.16 ml of 0.1 N HCl, vortexed for 5 min, and centrifuged at 3000 *g* for 5 min at room temperature. The water phase (256 μl) was collected and mixed with 1.025 ml of 0.1 mol/L sodium tetraborate buffer, 51 μl of 0.002% CuCl~2~, 51 μl of 0.25% potassium ferricyanide, 51 μl of 10% mercaptoethanol, 256 μl of 8 mol/L NaOH, and 102 μl of 10 mol/L glacial acetic acid. After mixing thoroughly, the solution was placed into boiling water for 10 min, until it was cooled to room temperature; the solution was added to 205 μl of 45% phosphate buffer and then placed into boiling water for 10 min. The fluorescence intensity of DA was measured at 410/270 nm by an F-4500 Fluorescence Spectrophotometer (Hitachi, Japan) and DA concentration was determined by comparing to a standard DA dilution ([@B49]).

Data Analysis
-------------

All data analysis was conducted on GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, United States). Data are presented as means ± SEM. We used one-way analysis of variance (ANOVA) or repeated-measure ANOVA to determine the overall effect of interventions. Tukey's *post hoc* test was then used to determine the statistical difference in biochemical data between individual groups. To determine the statistical difference in behavioral data between different groups and time points, we used Bonferroni's *post hoc* test. A *P* value of less than 0.05 was considered statistically significant.

Results
=======

Acupuncture Alleviated Involuntary Behavioral Stereotypies of a Mouse Model of TS
---------------------------------------------------------------------------------

In order to explore the extent of involuntary behavioral stereotypies and changes of other related behaviors in a mouse model of TS, we performed a series of behavioral tests. On the eighth day, we found that the score of stereotyped behavior in the IDPN, acupuncture, and two sham acupuncture groups were significantly higher than that of the control group \[score: *F*(4,420) = 146.7, *P* \< 0.0001\], indicating successful modeling. The scores of stereotyped behavior \[time × score: *F*(20,420) = 8.149, *P* \< 0.0001\] of the acupuncture group significantly reduced after the 22nd day, and there was no significant difference in the two sham acupuncture groups and IDPN groups ([Figure 1A](#F1){ref-type="fig"}). These data indicated that acupuncture alleviated the involuntary behavioral stereotypies and hyperactivity in the mouse model of TS.

![Effects of acupuncture on stereotyped behavior, motor coordination, and muscle strength in a mouse model of TS. **(A)** Evaluations of stereotyped behavior scores of mice in the control group (CON group), IDPN-induced TS model group (IDPN group), IDPN-induced TS model with acupuncture with twisting group (ACU group), IDPN-induced TS model with acupuncture without twisting group (SHAM1 group), and IDPN-induced TS model with acupuncture on non-acupoints with twisting group (SHAM2 group) on days 0, 8, 15, 22, 29, and 36. **(B)** Latency to fall in the rotarod test among the CON, IDPN, ACU, SHAM1, and SHAM2 groups on days 0, 8, 15, 22, 29, and 36. **(C)** Forelimb grip force among the CON, IDPN, ACU, SHAM1, and SHAM2 groups on days 0, 8, 15, 22, 29, and 36. Data are expressed as means ± SEM (*n* = 18 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group.](fnbeh-13-00239-g001){#F1}

In addition, the rotarod and the grip strength tests were used to assess the motor coordination ability and the muscle strength of the mice, respectively ([@B37]; [@B26]). However, IDPN, acupuncture, or sham acupuncture treatment had no influence on retention time on the rotarod \[time × score: *F*(20,359) = 0.3865, *P* = 0.9929\] and the grip force \[time × score: *F*(20,420) = 0.4925, *P* = 0.9692\], compared with the control group ([Figures 1B,C](#F1){ref-type="fig"}). It indicated that IDPN or acupuncture did not affect the motor coordination ability and the muscle strength of a mouse model of TS. All animals gained weight during the test period, there was no significant difference in body weight between the control and IDPN groups ([Supplementary Figure S1B](#FS1){ref-type="supplementary-material"}).

Acupuncture Decreased the Concentration of DA in the STR, SNpc, and PFC, and Down-Regulated TH Expression in the SNpc
---------------------------------------------------------------------------------------------------------------------

The concentration of DA is closely related to behavioral stereotypies ([@B79]). We determined whether acupuncture affected DA concentration in the STR, SNpc, PFC, and the thalamus. We found that IDPN significantly increased the level of DA in the STR, SNpc, and PFC but not in the thalamus, which was significantly reversed by acupuncture but not sham acupuncture \[STR concentration: *F*(4,12) = 19.16, *P* \< 0.0001; SNpc concentration: *F*(4,12) = 14.95, *P* = 0.0001; PFC concentration: *F*(4,12) = 9.158, *P* = 0.0012; thalamus concentration: *F*(4,12) = 0.07692, *P* = 0.9879; [Figure 2](#F2){ref-type="fig"}\].

![Effects of acupuncture on DA concentration in the STR, SNpc, and PFC. **(A)** Quantitative analysis of DA concentration in the STR of different groups. **(B)** Quantitative analysis of DA concentration in the SNpc of different groups. **(C)** Quantitative analysis of DA concentration in the PFC of different groups. **(D)** Quantitative analysis of DA concentration in the thalamus of different groups. Data are expressed as means ± SEM (*n* = 6 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group; ^+^*P* \< 0.05, compared with the ACU group.](fnbeh-13-00239-g002){#F2}

Since TH is considered as the rate-limiting enzyme in DA production ([@B20]), and the nerve terminals that release DA in the STR, SNpc, and PFC originate from dopaminergic neurons in the SNpc, we determined the effect of acupuncture on TH expression in the SNpc. As shown in [Figure 3](#F3){ref-type="fig"}, the expression of TH in the IDPN group was significantly higher than that in the control group; acupuncture but not sham acupuncture significantly reduced the expression of TH \[TH expression: *F*(4,8) = 19.16, *P* = 0.0004; [Figures 3A,C](#F3){ref-type="fig"}\]. The ratio of TH-positive neurons to neuronal nuclei (NeuN)-positive neurons was significantly increased in the IDPN group compared with the control group, which was significantly reversed by acupuncture but not sham acupuncture \[TH/NeuN: *F*(4,8) = 33.41, *P* \< 0.0001, [Figures 3B,D](#F3){ref-type="fig"}\]. These data demonstrated that acupuncture decreased the concentration of DA in the STR, SNpc, and PFC, and down-regulated TH expression and the distribution of TH positive neurons in the SNpc as well.

![Effects of acupuncture on TH protein expression and the number of TH positive neurons in the SNpc. **(A)** Representative gel images showed the protein level of TH in the SNpc tissues obtained from the CON, IDPN, ACU, SHAM1, and SHAM2 groups. GAPDH was used as a loading control. **(B)** TH labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(C)** Summary data showed effects of IDPN and acupuncture on the protein level of TH in the SNpc. **(D)** Summary graph shows the percentage of double-labeled TH and NeuN immunoreactivity in the total of NeuN-positive cells in the SNpc from different groups. Data are expressed as means ± SEM (*n* = 6 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group; ^+^*P* \< 0.05, compared with the ACU group.](fnbeh-13-00239-g003){#F3}

Acupuncture Reduced D1R and D2R Expression in the STR and the SNpc
------------------------------------------------------------------

The STR controls movement execution through the balanced activity of the direct and indirect pathways in the D1R- and D2R-expressing medium spiny neurons (MSNs), respectively ([@B57]). We determined whether acupuncture affected D1R and D2R expression in the STR and SNpc. We found that D1R and D2R expression in the IDPN group was significantly higher than that in the control group. Compared with the IDPN group, the protein level of D1R and D2R in the STR was reduced in the acupuncture group but not in the sham acupuncture group \[D1R expression: *F*(4,8) = 27.81, *P* \< 0.0001; D2R expression: *F*(4,8) = 16.52, *P* = 0.0006; [Figure 4](#F4){ref-type="fig"}\] and SNpc \[D1R expression: *F*(4,8) = 7.001, *P* = 0.0100; D2R expression: *F*(4,8) = 7.148, *P* = 0.0094; [Figure 5](#F5){ref-type="fig"}\].

![Effects of acupuncture on D1R and D2R protein expression in the STR. **(A)** Representative gel images showed the protein levels of D1R and D2R in the STR tissues obtained from the CON, IDPN, ACU, SHAM1, and SHAM2 groups. GAPDH was used as a loading control. **(B)** Summary data showed the effects of IDPN and acupuncture on protein level of D1R in the STR. **(C)** Summary data showed the effects of IDPN and acupuncture on protein level of D2R in the STR. Data are expressed as means ± SEM (*n* = 6 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group; ^+^*P* \< 0.05, compared with the ACU group.](fnbeh-13-00239-g004){#F4}

![Effects of acupuncture on D1R and D2R protein expression in the SNpc. **(A)** Representative gel images showed the protein levels of D1R and D2R in the SNpc tissues obtained from the CON, IDPN, ACU, SHAM1, and SHAM2 groups. GAPDH was used as a loading control. **(B)** Summary data showed the effects of IDPN and acupuncture on protein level of D1R in the SNpc. **(C)** Summary data showed the effects of IDPN and acupuncture on protein level of D2R in the SNpc. Data are expressed as means ± SEM (*n* = 6 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group; ^+^*P* \< 0.05, compared with the ACU group.](fnbeh-13-00239-g005){#F5}

We also used double-immunofluorescence labeling to determine the number of D1R and D2R positive neurons in the STR and SNpc. Consistent with the results of the protein expression, IDPN also significantly increased the ratio of D1R- and D2R-positive neurons to NeuN-positive neurons in the STR \[D1R/NeuN: *F*(4,8) = 49.36, *P* \< 0.0001; D2R/NeuN: *F*(4,8) = 67.58, *P* \< 0.0001, [Figure 6](#F6){ref-type="fig"}\] and SNpc \[D1R/NeuN: *F*(4,8) = 27.08, *P* = 0.0001; D2R/NeuN: *F*(4,8) = 34.24, *P* \< 0.0001, [Figure 7](#F7){ref-type="fig"}\] compared with the control group, which was reversed by acupuncture but not sham acupuncture (*P* \< 0.05). These results indicated that acupuncture significantly down-regulated the expression of D1R and D2R in the STR and SNpc.

![Effects of acupuncture on the number of D1R and D2R positive neurons in the STR. **(A)** D1R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(B)** Summary graph shows the percentage of double-labeled D1R and NeuN immunoreactivity in the total of NeuN-positive cells in the STR from different groups. **(C)** D2R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(D)** Summary graph shows the percentage of double-labeled D2R and NeuN immunoreactivity in the total of NeuN-positive cells in the STR from different groups. Data are expressed as means ± SEM (*n* = 6 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group; ^+^*P* \< 0.05, compared with the ACU group.](fnbeh-13-00239-g006){#F6}

![Effects of acupuncture on the number of D1R and D2R positive neurons in the SNpc. **(A)** D1R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(B)** Summary graph shows the percentage of double-labeled D1R and NeuN immunoreactivity in the total of NeuN-positive cells in the SNpc from different groups. **(C)** D2R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(D)** Summary graph shows the percentage of double-labeled D2R and NeuN immunoreactivity in the total of NeuN-positive cells in the SNpc from different groups. Data are expressed as means ± SEM (*n* = 6 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group; ^+^*P* \< 0.05, compared with the ACU group.](fnbeh-13-00239-g007){#F7}

Acupuncture Reduced D1R but Not D2R Expression in the PFC, and Did Not Affect D1R and D2R Expression in the Thalamus
--------------------------------------------------------------------------------------------------------------------

Since the PFC and the thalamus are both brain regions that are involved in TS ([@B2]; [@B71]), we determined whether acupuncture affects the expression of D1R and D2R in the PFC and the thalamus. In the PFC, we found that the expression of D1R but not D2R in the IDPN group was significantly higher than that in the control group. Compared with the IDPN group, the expression of D1R but not D2R was reduced in the acupuncture group but not in the sham acupuncture group \[D1R expression: *F*(4,8) = 10.81, *P* = 0.0026; D2R expression: *F*(4,8) = 0.2387, *P* = 0.9087; D1R/NeuN: *F*(4,8) = 37.66, *P* \< 0.0001; D2R/NeuN: *F*(4,8) = 0.2257, *P* = 0.9165; [Figure 8](#F8){ref-type="fig"} and [Supplementary Figure S2](#FS2){ref-type="supplementary-material"}\]. However, IDPN and acupuncture or sham acupuncture treatment had no influence on the expression of D1R and D2R in the thalamus \[D1R expression: *F*(4,8) = 0.3889, *P* = 0.8112; D2R expression: *F*(4,8) = 0.7609, *P* = 0.5789; D1R/NeuN: *F*(4,8) = 0.1404, *P* = 0.9623; D2R/NeuN: *F*(4,8) = 0.4359, *P* = 0.7797; [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}\].

![Effects of acupuncture on D1R protein expression and the number of D1R-positive neurons in the PFC. **(A)** Representative gel images showed the protein levels of D1R in the PFC tissues obtained from the CON, IDPN, ACU, SHAM1, and SHAM2 groups. GAPDH was used as a loading control. **(B)** D1R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(C)** Summary data showed the effects of IDPN and acupuncture on the protein level of D1R in the PFC. **(D)** Summary graph show the percentage of double-labeled D1R and NeuN immunoreactivity in the total of NeuN-positive cells in the PFC from different groups. Data are expressed as means ± SEM (*n* = 6 mice in each group). ^∗^*P* \< 0.05, compared with the CON group; ^\#^*P* \< 0.05, compared with the IDPN group; ^+^*P* \< 0.05, compared with the ACU group.](fnbeh-13-00239-g008){#F8}

Discussion
==========

In this study, we used acupuncture treatment in a mouse model of TS for the first time, and we found that acupuncture alleviated the involuntary behavioral stereotypies in IDPN-induced TS model mice. In addition, acupuncture reduced the concentration of DA in the STR, SNpc, and PFC. It also reduced the expression of TH in the SNpc, D1R, and D2R in STR and SNpc, and D1R in the PFC. In conclusion, we demonstrated the effects of acupuncture on behavior and brain DA system in a mouse model of TS.

The time of acupuncture treatment varies from disease to disease. For example, chronic itch model mice are effective for acupuncture treatment for 9 days, while postherpetic neuralgia model mice need acupuncture treatment for 2 weeks to alleviate mechanical allodynia ([@B50]). In a mouse model of TS, we determined that 4 weeks was the optimal treatment duration to alleviate the behavioral stereotypies. Consistently, the treatment duration of manual acupuncture on TS was around 30 days in clinical studies ([@B95]). Therefore, the present study had great clinical significance for determining the duration of acupuncture treatment on TS.

Previous studies have shown that behavioral stereotypies are caused by the combined effects of excessive activity in motor pathways and reduced activity in cortico-striato-thalamo-cortical circuits ([@B55]; [@B16]; [@B82]). The DA system is known to be an important modulator of striatum to process the cortical signals, which are carried by glutamatergic synapses on the principal neurons of the striatum-medium spiny neurons (STR-MSNs). Regulation of these neurons by DA is important for psychomotor functions ascribed to the basal ganglia, such as habit learning and the control of serial movement ([@B1]; [@B83]; [@B68]). The basal ganglia have been implicated in different processes that control action such as the control of movement parameters and processing of cognitive and emotional information from the environment ([@B8]). It may play a critical role in behavioral inhibition, mediated by the prefrontal, parietal, temporal, and cingulate cortices ([@B80]). In the present study, we found that acupuncture greatly alleviated rather than completely reversed behavioral stereotypies. This result might be attributed to the involvement of acupuncture in the regulation of the motor system of the basal ganglia. Our results confirmed that acupuncture could alleviate behavioral stereotypies, which might be a good theoretical guidance for the use of acupuncture in the clinical treatment of TS.

Striatum is the input nucleus of the basal ganglia, which is a crucial neuronal network for action selection and motor control ([@B75]). The dopaminergic neurons of the SNpc, which project throughout the STR, are the main nuclei involved in DA synthesis in the brain ([@B48]). Previous studies have shown that TS patients had greater neural activity within the SNpc than normal people did during the performance of spontaneous and involuntary behavioral stereotypies, reflecting an overactive nigrostriatal dopaminergic activity in TS patients ([@B2]; [@B21]; [@B82]). However, in contrast to healthy people, no significant DA release was noted in the thalamus of TS patients ([@B71]). Our research showed that acupuncture decreased the concentration of DA in the STR, SNpc, and PFC in IDPN-induced TS model mice, which might contribute to the effect of acupuncture.

Tyrosine hydroxylase is the first enzyme in the catecholamine biosynthetic pathway. In the central nervous system, TH is expressed in areas with dopaminergic neurons including the SNpc ([@B46]). The capacity of TH neurons releasing DA will differ based on their capacity to accumulate vesicular DA, uptake extracellular DA, or be autoregulated by DA receptors ([@B56]). Furthermore, a down-regulation of TH mRNA levels can lead to low levels of DA receptors expression ([@B3]). Consistently, in our study, an elevation of TH did not lead to a compensatory down-regulation of DA receptors in the IDPN group. We found that acupuncture reduced over-expression of both TH and D1R and D2R in the SNpc, which was consistent with the effect of acupuncture on behavioral stereotypies.

D1R and D2R are two major striatal DA receptors that can regulate synaptic plasticity. The main distinction between the two classes is that D1R activates adenyl cyclase, while D2R inhibits adenyl cyclase ([@B88]). D1R signaling enhances dendritic excitability and glutamatergic signaling in striatonigral MSNs, whereas D2R signaling exerts the opposite effect ([@B72]). Striatonigral MSNs express high levels of D1R and D2R; striatonigral MSNs of the direct pathway project directly to neurons that interface between the basal ganglia and the rest of the brain, including neurons of the substantia nigra pars reticulata (SNr) and the internal segment of the globus pallidus ([@B72]). The indirect pathway of MSNs projects axons to the external segment of globus pallidus ([@B34]). D1R-expressing direct pathway MSNs mediate reinforcement of movement, while D2R-expressing indirect pathway MSNs mediate inhibition of movement ([@B6]; [@B52]; [@B32]). IDPN induces the up-regulation of D1R and promotes the excitability of the direct pathway. Meanwhile, IDPN, which induces the up-regulation of D2R, may inhibit the excitability of the indirect pathway, leading to disinhibition of movement ([@B1]; [@B24]; [@B45]). As a result, activation of both D1R and D2R can promote movement. It suggested that acupuncture reduced the DA synthesis and its receptors expression in the STR, SNpc, and PFC, thereby inhibiting behavioral stereotypies. However, in the pathways of the basal ganglia, the PFC participates only in the direct pathway but not the indirect pathway ([@B33]; [@B36]), which can explain why IDPN and acupuncture only affected the expression of D1R but not D2R in the PFC.

In summary, our findings provide new evidence that acupuncture inhibits behavioral stereotypies and regulates the DA system in the STR, SNpc, and PFC, which may reveal the mechanism of the therapeutic effect of acupuncture on TS. It provides a strong series of evidence for the application of acupuncture in treating TS in the clinic, so that TS patients could get safer and more effective treatment.
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###### 

Experimental design timeline and effects of IDPN and acupuncture on body weight of mice. **(A)** All mice were fed for 1 week before building TS model. The CON group was intraperitoneally injected with saline (0.9%); the IDPN group, ACU, SHAM1, and SHAM2 groups were intraperitoneally injected with IDPN (350 mg/kg) at 10:00 a.m. once daily for seven consecutive days (days 1--7). In the ACU, SHAM1, and SHAM2 groups, the mice received acupuncture once every other day on days 8--36. All behavioral tests were carried out once every other week on days 0, 8, 15, 22, 29, and 36 after intraperitoneal injection or 1 h after acupuncture treatment. Brain tissues for Western blotting, immunofluorescence labeling, and fluorescence spectrophotometry were collected on day 37. **(B)** Summary data showed effects of IDPN and acupuncture on body weight of mice on days 0, 8, 15, 22, 29, and 36. Data are expressed as means ± SEM (*n* = 18 mice in each group). **(C)** Schematic diagram of the coordinates of acupoints "Baihui" (GV20) and "Yintang" (GV29). **(D)** Schematic diagram of acupuncture treatment. **(E)** Schematic diagram of the stereotyped behavior test.

###### 

Click here for additional data file.

###### 

Effects of acupuncture on D2R protein expression and the number of D2R-positive neurons in the PFC. **(A)** Representative gel images showed the protein levels of D2R in the PFC tissues obtained from the CON, IDPN, ACU, SHAM1, and SHAM2 groups. GAPDH was used as a loading control. **(B)** D2R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(C)** Summary data showed the effects of IDPN and acupuncture on protein level of D2R in the PFC. **(D)** Summary graph shows the percentage of double-labeled D2R and NeuN immunoreactivity in the total of NeuN-positive cells in the PFC from different groups. Data are expressed as means ± SEM (*n* = 6 mice in each group).
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Click here for additional data file.

###### 

Effects of acupuncture on D1R and D2R protein expression and the number of D1R- and D2R-positive neurons in the thalamus. **(A)** Representative gel images showed the protein levels of D1R and D2R in the thalamus tissues obtained from the CON, IDPN, ACU, SHAM1, and SHAM2 groups. GAPDH was used as a loading control. **(B)** Summary data showed effects of IDPN and acupuncture on protein level of D1R in the thalamus. **(C)** Summary data showed effects of IDPN and acupuncture on the protein level of D2R in the thalamus. **(D)** D1R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(E)** D2R labeling (green); NeuN labeling (red); DAPI (blue). Scale bar, 100 μm. **(F)** Summary graph shows the percentage of double-labeled D1R and NeuN immunoreactivity in the total of NeuN-positive cells in the thalamus from different groups. **(G)** Summary graph shows the percentage of double-labeled D2R and NeuN immunoreactivity in the total of NeuN-positive cells in the thalamus from different groups. Data are expressed as means ± SEM (*n* = 6 mice in each group).
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Click here for additional data file.
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